Scope: Cruciferous vegetable consumption is associated with favorable health outcomes. Bioactive compounds arising in these, especially isothiocyanates, exert effects that contribute to prevention of disease, in large part through the attenuation of inflammation and oxidative stress. However, much about isothiocyanate metabolites and their role as biomarkers of crucifer intake remain unknown. Methods and results: The utility and limitations of 2-thiothiazolidine-4-carboxylic acid (TTCA) as a urinary biomarker of broccoli beverage intake are tested in a randomized crossover clinical trial where 50 participants consumed either a glucoraphanin-rich (GRR) or sulforaphane-rich (SFR) beverage. Compared to run-in and wash-out periods, significantly higher urinary TTCA is observed after broccoli beverage consumption. Measurements also show that TTCA is present in beverage powders and in all tested cruciferous vegetables. GRR results in excretion of 87% of the ingested TTCA while SFR results in excretion of 176%. Elevated urinary TTCA is observed in rats administered 100 µmol kg -1 SFN. Unlike SFN, TTCA does not activate Nrf2-mediated cytoprotective signaling. Conclusion: Collectively, TTCA appears to be a common isothiocyanate-derived metabolite that has the capacity to be utilized as a biomarker of cruciferous vegetables that would be beneficial for objective and quantitative tracking of intake in studies.
Introduction
Several dozen types of vegetables make up the cruciferous vegetable family and they have been evaluated as disease preventative and therapeutic agents in both observational studies and in randomized clinical trials. [1] [2] [3] [4] The underlying biological mechanism of these diseasemitigating effects is governed by the enzymatic conversion of glucosinolates to isothiocyanates by the plant enzyme myrosinase. Isothiocyanates, such as sulforaphane (SFN), have potent antibacterial, antifungal, and anticarcinogenic effects [5, 6] and have been shown to work through activating the Nrf2-mediated stress response among several other cytoprotective pathways. [7, 8] Specifically, the attenuation of inflammation and alteration of other aspects of oxidative stress are hallmarks of Nrf2 pathway activation by small electrophilic molecules such as SFN. [9] One of the leading challenges involved in the use of cruciferous vegetables as a nutritional intervention strategy is the absence of reliable, noninvasive biomarkers to assess intake. In studies employing a single type of cruciferous plant, urinary metabolites of isothiocyanates have been used as markers of uptake or bioavailability. For example, our previous clinical trials with broccoli preparations have used urinary SFN metabolites including total or unmetabolized SFN, or SFN-mercapturic acid [10] while in trials using cabbage and Brussels sprouts, 3,3 -diindolyl methane [11] has been used. However, given the fact that the predominant glucosinolate-isothiocyanate species in various cruciferous plants is different and is subject to change based on a variety of external factors such as plant type, part, age, and growth conditions. [12] measuring these specific metabolites may be deemed less useful when assessing intake of cruciferous vegetables as a whole. Additionally, S-methyll-cysteine sulfoxide (SMCSO) has been identified as a potential urinary biomarker of cruciferous vegetables by metabonomic profiling; [13] however, SMCSO is not specific to Brassicaceae as it is also found in small amounts in plants from the Alliceae (e.g., onions) and Fabaceae (e.g., legumes) families. [14] Zhang and www.advancedsciencenews.com www.mnf-journal.com colleagues developed a method to quantify isothiocyanate content by using cyclocondensation with vicinal dithiols [15] and has since been used to measure isothiocyanates in many clinical trials. However, whether isothiocyanates have preferred specificity to react with 1,2-benzenedithiol compared to other thiol-containing compounds present in crucifers is not clear. Therefore, a biologically inactive, plant-derived biomarker that is specific and common to all crucifers, irrespective of the identity of the precursor glucosinolate/isothiocyanate could greatly improve objective dietary assessment in clinical trials as well as in observational studies.
The primary and most recognized source of 2-thiothiazolidine-4-carboxylic acid (TTCA) is when it is formed during biotransformation of anthropogenic carbon disulfide (CS 2 ) via glutathione (GSH) conjugation. Yet, it has also been detected in plants that contain glucosinolates. [16, 17] Elevated TTCA has been observed in the urine of people who consumed vegetables like cabbage. [18] Furthermore, it has been reported that endogenous TTCA from cruciferous vegetables (0.5-6 mg kg -1 ) is excreted unchanged in the urine of people consuming them. [19] However, the pharmacokinetics of TTCA excretion as well as the utility of TTCA as a reliable marker of cruciferous vegetable intake could not be determined from these studies that employed small sample sizes of 10-14 volunteers and measured TTCA only before and after a single meal consisting of these vegetables. Interestingly, in Sprague-Dawley rats treated with methyl isothiocyanate, increased urinary TTCA has been observed [20] suggestive of the notion that TTCA is formed as a result of isothiocyanate biotransformation.
In our study, we evaluated whether TTCA could be used as a biomarker of crucifer intake. Stable isotope dilution liquid chromatography (LC) high resolution MS/MS (LC-MS/MS) (Figure 1 ) was used to measure urinary TTCA of 50 participants in a randomized crossover cancer prevention clinical trial in Qidong, China at various time points before, during, and after intake of two types of broccoli sprout-derived beverages over a course of 24 days. We also measured TTCA levels in the powders used to constitute the broccoli beverages as a way to determine the source of TTCA. TTCA levels were measured in the urine of rats orally gavaged with SFN to understand the contribution of SFN biotransformation to TTCA formation in vivo. In addition, TTCA content was quantified in multiple different types of crucifers and the biological activity of TTCA was evaluated in cell culture. Collectively, our data indicate that TTCA could potentially be a useful biomarker to objectively measure cruciferous vegetable intake in clinical trials as well as in epidemiologic studies using a facile and high-throughput analytical method.
www.advancedsciencenews.com www.mnf-journal.com Figure 2 . Urinary TTCA levels are significantly increased after broccoli sprout-derived beverage consumption in humans. A) Crossover study design used to administer two broccoli sprout-derived beverages to 50 participants over a course of 24 days in Qidong, China. Either a glucoraphanin-rich (GRR) or sulforaphane-rich (SFR) beverage was consumed for 6 consecutive days during days 6-12 (first wave) and days 18-24 (second wave). Twelve hour urines were collected throughout the study and the samples used to measure TTCA were from days 5, 6, 12, 13, 17, 18, and 24. B) Comparison of urinary TTCA levels in µmol per 12 h urine volumes during supplementation with GRR or SFR. Run-in and wash-out period urines were separated according to the type of intervention participants underwent in the respective waves. Values are mean ± SEM (n = 25 for intervention arms and n = 50 for baselines). *p < 0.05 compared to day 5 baseline. $ p < 0.05 compared to GRR at the same time. # p < 0.05 compared to day 13 GRR (Anova).
Experimental Section

Study Design
A schematic of the crossover study design is shown in Figure 2A and is described in detail in refs. [10] and [21] . Briefly, 50 healthy volunteers were recruited from the farming community of He Zuo Township, Qidong, Jiangsu Province, People's Republic of China (NCT01008826). Participants were randomized into two intervention arms in a crossover study where either a glucoraphanin-rich (GRR, 800 µmol) or sulforaphane-rich (SFR, 150 µmol) beverage was given daily. The study consisted of a run-in period (5 days) followed by a first nightly beverage consumption period (7 days) followed by a wash-out period (5 days) followed by a second beverage consumption period (7 days). Participants were instructed not to consume green leafy vegetables during the study to reduce possible dietary sources of other isothiocyanates. The different doses of GRR and SFR were given to establish equivalence in total SFN metabolites excreted in urine. However, subsequent measurements showed that urinary levels of unmetabolized SFN and SFN metabolites were higher in the SFR group compared to the GRR group and therefore the intended dose equivalence was not achieved. The entire volume of 12-h overnight urine samples was collected by the participants every night of the study. On the first and last days of the active intervention periods an additional 12-h daytime urine sample was collected. Urine samples for run-in and wash-out periods were separated by the randomization assignment of the participants (day 5 and day 13 were matched with wave 1 and day 17 was matched with wave 2). Procedures were followed in accordance with ethical standards approved by the Institutional Review Board of Johns Hopkins University. Written consent was obtained from all participants.
Dosage Regimen and Beverage Preparation
Both broccoli sprout powders were manufactured by preparing an aqueous extract after boiling 3-day old broccoli sprouts for 30 min. The boiling inactivates endogenous myrosinase required for glucosinolate metabolism, but does not affect the integrity of the glucosinolates as was confirmed by the glucoraphanin (GR) and SFN titer measurements in the GRR powder. [10] The GRR powder was prepared by lyophilizing the extract and the SFR powder was prepared by cooling the extract to 37°C and treating with myrosinase (released from Raphanus sativus sprouts) for 4 h before lyophilization. The initial boiling results in negligible levels of SFN in GRR powder and using excess amounts of myrosinase in the preparation of SFR ensures that there are negligible levels of GR in the SFR powder. GR and SFN concentrations were measured in GRR and SFR powders as described. [10] Powder amounts corresponding to the daily doses of GRR (2.43 g of 329 µmol g -1 ) and SFR (0.74 g of 202 µmol g -1 ) were dissolved in a mango-water mix before administration. During the run-in and wash-out periods, mango-water mixes without GRR and SFR powders were given as placebo.
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Standards and Sample Preparation
Only 12-h urine samples collected on day 5, 6, 12, 13, 17, 18, and 24 were analyzed for this study. Urine samples were thawed, aliquoted, and briefly centrifuged to separate sediments. Urine (500 µL) was spiked with 5 µL of [ 13 C 3 ]-TTCA (10 µg mL -1 stock) (Toronto Research Chemicals, Canada), acidified to pH 3 with concentrated HCl and brought to 1 mL with water. Then, 4 mL of diethyl ether was added and samples were vortexed and centrifuged at 1200 × g for 10 min at 4°C. The organic phase was transferred to a clean vial and dried under N 2 . The samples were reconstituted in 5% acetonitrile in water at pH 3 for LC-MS/MS analysis. The calibration curve was constructed using an analytical standard for TTCA and the [ 13 C 3 ]-TTCA internal standard (Toronto Research Chemicals, Canada) in Surine negative urine control (Sigma-Aldrich, St Louis, MO). Urinary TTCA amounts were normalized to 12 h urine volumes and reported as µmol per 12 h urine.
Animal Study
Four female, 8-week old August Copenhagen Irish (ACI) rats were obtained from Envigo (Somerset, NJ). All rats had access to ad libitum water and were fed a standard chow diet. Animals were orally gavaged with 100 µmol kg -1 body weight SFN (LKT Laboratories, St. Paul, MN), dissolved in DMSO. Urine was collected (24 h) pre-and post-gavage by housing rats in metabolic cages (Tecniplast, Italy) for the duration of the collection. This animal study was conducted according to the ethical standards established and approved by the Institutional Animal Care and Use Committee of University of Pittsburgh. The extraction was as described above except that 250 µL of rat urine and 25 µL of [ 13 C 3 ]-TTCA (10 µg mL -1 stock) was used.
TTCA Extraction from Cruciferous Vegetables, Avmacol, and SFN Solution
Broccoli sprouts, mature broccoli, watercress, cabbage, cauliflower, Brussels sprouts, and carrots were purchased at two different occasions from the same local market within a span of 1 month. Only vegetables that were labeled as organic were used for this study, except watercress, which was not available as organic produce at the times of purchasing. Organically grown vegetables were preferred due to previous reports showing that TTCA can be formed from pesticides such as Captan. [22] Cruciferous vegetables were frozen at −20°C upon purchase for 24 h, weighed dry, and homogenized in 200 µL water at pH 3 using a Bullet Blender (Next Advance, Troy, NY) and the supernatant was collected and spiked with [ 13 C 3 ]-TTCA (10 µL of 10 µg mL -1 stock) before extraction. Tablets of Avmacol (Nutramax Laboratories, Edgewood, MD) were ground up, weighed, and a known quantity was dissolved in water. SFN (LKT Laboratories, St Paul, MN) was dissolved in methanol to make solutions of 0.17 mg, 1.7 mg, and 3.4 mg of SFN. TTCA extractions were carried out using 4 mL of diethyl ether and the organic phase was dried under N 2 and reconstituted in 5% acetonitrile in water at pH 3 for LC-MS/MS analysis.
LC-MS/MS Analysis
TTCA extracts were separated on a Vanquish UHPLC and analyzed by a high-resolution Q Exactive mass spectrometer (Thermo Scientific, Waltham, MA) using gradient solvent systems consisting of water containing 0.1% acetic acid (solvent A) and acetonitrile containing 0.1% acetic acid (solvent B). TTCA extracts were separated using a Hypersil GOLD column (100 × 2.1 mm × 3 µm; Thermo Scientific) at a 0.5 mL min -1 flow rate and using the following gradient program: 5% B from 0-0.3 min, 5-8% B from 0.3-3 min, 8 to 40% B from 3-3.1 min and holing until 4 min, and equilibration at 5% B from 4.1 to 6.0 min. The mass spectrometer was equipped with a HESI electrospray source and was operated in positive ion mode using the following parameters: sheath gas flow rate 30, aux gas flow rate 11, sweep gas flow rate 2, spray voltage 3.8 kV, capillary temperature 300°C, aux gas heater temperature 200°C, and S-lens RF level 55%. A parallel reaction monitoring method was used to follow m/z 163. 
Cell Culture, RNA Isolation, and RT-PCR
Wild-type (WT) and Nrf2-disrupted mouse embryonic fibroblasts (MEF) that were established according to previously published protocols [23] were seeded at 5 × 10 5 cells per well in a six-well plate. Cells were cultured in Iscove's Modified Dulbecco Medium with 10% FBS. Cells were treated with TTCA (0.5-4 µm) or 10 µm SFN and were harvested 20 h later. RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) and quantified using UV spectrophotometry at 260 nm. An absorbance ratio of 260/280 was utilized to determine the purity of RNA. RNA integrity was confirmed by gel electrophoresis and cDNA was synthesized using 1 µg of RNA with the qScript system (Quanta Biosciences, Beverly, MA). Real time PCR was performed on a Bio-Rad My-IQ with SYBR Green (Bio-Rad, Hercules, CA). PCR efficiency was determined using a standard curve method and the Pfaffl method was used for quantification of fold changes. [24] Primer sequences for Nqo1 and Gapdh were as previously published. [25] 
Statistical Analysis
Values are expressed as mean ± SEM. One-way analysis of variance (ANOVA) with Tukey's post-test was employed for multiple comparisons and Student's t-test was used for comparison between two groups. p < 0.05 was considered to be statistically significant.
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TTCA is Increased in Urine After Broccoli Sprout-Derived Beverage Intake in Humans
On day 5, at the end of the run-in period, levels of urinary TTCA were 0.050 ± 0.001 µmol/12 h ( Figure 2B ). Longitudinal tracking of urinary TTCA at select points over the course of 24 days showed significant increases (1.5-3 µmol/12 h) during the first 12 h-post beverage consumption at days 6, 12, 18, and 24. In comparison, during the second 12 h of these days, much lower (1/10th) levels of TTCA were excreted in the urine for both the GRR and SFR groups, supporting previous observations of rapid clearance. [26] However, compared to the day 5 of the run-in, statistically significant levels of TTCA were still detected on washout days following the first wave of beverage consumption (day 13 and 17). For example, on day 17, at the end of the wash-out, urinary TTCA levels after consumption of GRR beverage were 4.5-fold higher than observed on day 5, suggesting that consuming the beverage continuously leads to protracted, albeit relatively low levels of urinary TTCA. The twofold difference between excreted TTCA levels in GRR and SFR groups in the first wave is likely due to administration of higher amount of GRR (2.43 g powder) compared to SFR (0.74 g powder). Intriguingly, on day 18 (following the beginning of the second wave of the crossover), the twofold difference between GRR and SFR groups was diminished.
TTCA is Detected in Broccoli Beverage Powders and Consumption of SFR Beverage Leads to a Higher Percentage of Excreted TTCA
Cruciferous vegetable extracts have been shown to be significant sources of TTCA [19] and given the low variations of urinary TTCA between samples (Figure 2B ), we hypothesized that TTCA might be preformed and present in the beverage at the time of consumption. Hence, we evaluated whether TTCA was present in the GRR and SFR powders. Significant levels of TTCA were detected in both GRR (1.5 µmol g -1 of powder) and SFR (1.4 µmol g -1 of powder) powders (data not shown) suggesting that TTCA was present in the broccoli sprouts that were used to manufacture the powders. Based on these data and the urinary TTCA data, we calculated the percentage of directly ingested TTCA that was excreted in the urine of participants after each daily dose of GRR or SFR powders ( Table 1 ). The sum of urinary TTCA between the first and second 12 h collections were used for this analysis. For GRR, 93% (day 6), 106% (day 12), 72% (day 18), and 79% (day 24) of the ingested TTCA intake was excreted in urine. For SFR, 165% (day 6), 164% (day 12), 232% (day 18), and 145% (day 24) of the TTCA intake was excreted in urine. Although the interquartile ranges were large in both groups on days 6, 12, 18, and 24, a modest but significant increase was seen in the percentage of excreted TTCA in the SFR group; perhaps due to the formation of additional TTCA through the biotransformation of SFN contained in the SFR beverage. Delta TTCA values were calculated by subtracting the excreted TTCA from the intake TTCA as a measure of TTCA absorbed by tissue, assuming the linear relationship of TTCA intake = TTCA uptake + TTCA excreted . Urinary levels of GR, unmetabolized SFN, and SFN metabolites were measured as described in ref. [10] (Supporting Information) and were used to determine the contribution of SFN biotransformation to TTCA. The ratios of delta TTCA to urinary GR or SFN + SFN metabolites were very low. During the wash-out period, percentage excretions of TTCA were as follows: GRR (2.7% and 5.1% for day 13 and 17, respectively), SFR (11.8% and <1% for day 13 and 17, respectively). Collectively, these data bolstered the notion that urinary TTCA levels can originate from two sources-1) from the plant itself and 2) less predominantly from isothiocyanates undergoing biotransformation upon ingestion.
TTCA is Present in Urine of Rats Treated with Oral Sulforaphane
Given the excretion of additional TTCA when volunteers consumed the SFR beverage, it was hypothesized that SFN acts as a precursor to TTCA. Previous studies have detected urinary TTCA following methyl isothiocyanate treatment in rats [20] and it was plausible that sulforaphane treatment may result in a similar outcome. In order to test this, four ACI rats were orally gavaged with 100 µmol kg -1 body weight SFN and 24 h urine was collected before and after dosing. TTCA was not detected in the SFN that was used to dose the rats (data not shown). Rat urine showed a 45-fold increase in TTCA after SFN administration suggesting that TTCA is formed as a result of biotransformation of SFN (Figure 3) . Approximately 0.05% of the total dose of SFN was recovered as TTCA in the rats-lower than the 0.6% observed in humans given an SFR beverage (Table 1) .
TTCA Does Not Confer Cytoprotective Enzyme Induction Activity in a Cell Culture Model
To determine whether TTCA is a product of glucosinolate metabolism that could contribute biological activity relevant to the glucosinolate-isothiocyanate cell signaling axis, WT and Nrf2-disrupted MEF were treated with increasing concentrations of TTCA. No significant induction of Nqo1 transcripts was observed in either cell type (Figure 4) suggesting that TTCA was not responsible for the enzyme induction activities attributable to isothiocyanates such as SFN. SFN (10 µm), a known inducer of Nrf2 signaling, was used as positive control and it showed more than fivefold Nqo1 induction in WT MEF. This effect was attenuated in the Nrf2-disrupted MEF in accord with the Nrf2-dependent activation of transcription reported by us and others. [25] Cell viability after TTCA and SFN treatment of MEF cells was determined by Trypan Blue exclusion assay and cytotoxicity was observed at concentrations > 4 µm TTCA. No cytotoxicity or cell death was observed with SFN at the concentration used (data not shown).
Comparison of TTCA Levels in Cruciferous Vegetable Sources
To evaluate whether TTCA is present in cruciferous vegetables themselves, its levels in six different types of cruciferous vegetables, including broccoli sprouts, were quantified ( Figure 5) . Highest TTCA > lowest TTCA was observed in broccoli sprouts (0.14 µmol g -1 ), mature broccoli (0.04 µmol g -1 ), watercress (0.02 µmol g -1 ), cauliflower (0.01 µmol g -1 ), cabbage (0.01 µmol g -1 ), and Brussels sprouts (0.005 µmol g -1 ). Carrot was used as a noncruciferous vegetable negative control and its levels of TTCA were much lower (approximately fivefold lower than the Brussels sprouts). We also showed that 0.07 µmol g -1 TTCA is found in Avmacol tablets that are sourced to contain GR and myrosinase from milled broccoli seeds and freeze-dried broccoli sprouts, respectively. Highest TTCA levels were detected in broccoli sprouts compared to other crucifers. Previous reports have shown that broccoli sprouts have the highest concentration of GR per dry weight and thus yields higher amounts of SFN compared to mature broccoli. [27] The biochemical pathways by which TTCA is formed in cruciferous plants is complex, but it is likely that TTCA is formed in all crucifers irrespective of www.advancedsciencenews.com www.mnf-journal.com Figure 5 . TTCA is present in cruciferous vegetables other than broccoli. The amount of TTCA in six different types of cruciferous vegetables and in Avmacol tablets in micromol per gram of dry weight. Vegetables were frozen at -20°C for 24 h and homogenized. Carrot was used as a negative control. Vegetables were purchased from the same grocery store at two different times within a span of 1 month. Values are mean ± SEM (n = 15). *p < 0.05, compared to carrot (ANOVA).
the R group of the isothiocyanate because of an intramolecular cyclization reaction of isothiocyanate metabolite species. This makes TTCA an attractive candidate for a biomarker of all cruciferous vegetables. The amounts are likely dependent on factors that dictate expression of the enzymes involved, structure of starting material and other biochemical conditions. However, in addition to TTCA from the plant, our data highlight that TTCA can also be formed in mammalian cells and contributes to lesser, but detectable urinary levels.
Discussion
In clinical trials employing specific cruciferous vegetables, isothiocyanates and their metabolites in urine and serum have been used to determine intake and uptake. This approach works only if the starting material being administered comes from a single cruciferous plant controlled for factors such as vegetable type, age, growth conditions, cooking method, and composition of the gut microbiome as these parameters have been shown to markedly affect isothiocyanate content. [28, 29] Most importantly, different cruciferous plants produce different predominant species of isothiocyanates and in varying amounts depending on the age of the plant. For example, SFN is largely produced by broccoli due to high GR content [30] whereas high amounts of phenethyl isothiocyanate, from high gluconasturtiin levels are produced in watercress. [31] For clinical studies that utilize multiple types of cruciferous vegetables, it is impractical to analyze several dozen isothiocyanate species and their corresponding urinary metabolites, especially given the fact that there may be some isothiocyanates that have not been reported. [12] Therefore, TTCA that is apparently produced by all crucifers regardless of the identity of the precursor glucosinolate/isothiocyanate provides an opportunity to quantify intake and uptake of all isothiocyanate-producing cruciferous vegetables.
The formation of TTCA in plant cells has been shown previously and seems to encompass an intricate metabolism system that is driven by multiple enzymes as well as GSH. [16] By evaluation of the structure of TTCA, it is likely that it is formed when the cysteine moiety of GSH [32] reacts with isothiocyanate species. It is recognized that plants have a well-evolved stress response mechanism that allows for them to protect themselves against environmental threats. [33, 34] In fact, the glucosinolateisothiocyanate axis may exist precisely for this purpose in the cruciferous plant [35] -to generate a tightly controlled antipathogenic response, given the potent antibacterial and antifungal properties of isothiocyanates. [36] However, upon formation of these bioactive isothiocyanates, they have to be effectively neutralized and eliminated from plant cells, a process that may include the formation of the inactive metabolite TTCA. Nevertheless, the exact mechanism by which this isothiocyanate cycling or removal occurs in plants is not well understood.
The average percent of 24-h excretion of TTCA with GRR administration was 87% compared to 176% with SFR. Less than 100% excretion is suggestive of some level of retention or protracted terminal phase of elimination of TTCA in human tissue whereas >100% excretion indicates the additional formation of TTCA as a result of pharmacokinetic action. The >100% excretions of TTCA in the SFR group arises from SFN metabolism upon ingestion of the SFR beverage to form additional TTCA. However, in GRR, the amount of SFN that can undergo biotransformation to form TTCA was much lower as is evident from the lower amount of urinary SFN and SFN metabolites (Supporting Information) detected after consuming GRR compared to SFR. Therefore, the majority of TTCA arising from GRR likely originated in the plant material whereas in SFR, even though a large majority of the urinary TTCA was sourced from the plant, some, albeit low amounts were attributable to SFN metabolism in the liver, kidneys, and other organs. This notion was confirmed in the rat study where elevated TTCA was observed in rats after www.advancedsciencenews.com www.mnf-journal.com being administered 100 µmol kg -1 SFN alone. All of the urinary TTCA of rats originated after ingestion as no TTCA was observed in the SFN solution. However, in human subjects, if SFN was indeed biotransformed to TTCA upon ingestion, we have to look at unmetabolized SFN and SFN metabolites that were excreted in the urine as a guide for the source of TTCA. These levels were markedly higher in SFR compared to GRR suggesting that some, albeit low amounts of TTCA can be formed by SFN biotransformation. There was an inefficient conversion of glucosinolates to isothiocyanates by the gut microbiome [28] as only 5% of the administered GRR dose was recovered as SFN metabolites whereas 70% of the administered SFR dose was recovered. Given that TTCA can be produced from glucosinolate/ isothiocyanate groups other than GR/SFN, it is also possible that the myrosinase treatment performed to produce the SFR powder may have catalyzed the formation of TTCA from these other species.
Although participants in our clinical trial were instructed not to consume green leafy vegetables to limit the exposure to dietary isothiocyanates, it is likely that they consumed other types of vegetables that may produce some low amounts of isothiocyanates. While SFR provided an excellent proof of principle control for our study, it is unlikely that in general population nutritional assessment studies, exposures that mimic such high levels of direct isothiocyanate intakes will be encountered. The GRR group on the other hand may represent TTCA levels after consuming a large serving size of fully or partially cooked cruciferous vegetables. TTCA levels that correlate to nutritionally pragmatic amounts of crucifers should be measured in future feeding studies. Perhaps, these studies will also shed light on why certain crucifers, such as broccoli, produce more TTCA and whether certain precursor isothiocyanates possess a biochemical advantage to form more TTCA compared to others. Whether factors that govern the breakdown of glucosinolates (such as plant age, type, and growth conditions) can also alter TTCA levels warrants exploration. Furthermore, it is important to recall that the genetic diversity within the cruciferous vegetable family will invariably result in some differences in the amount of metabolites produced so some crucifers will produce more TTCA than others. Nevertheless, our studies and analyses indicate that TTCA is a generic molecule that is formed during isothiocyanate metabolism, likely in all crucifers. This uniquely allows a bypass to the challenge of quantifying dozens of specific isothiocyanate metabolites in order to accurately measure intake and uptake of various crucifers. While this study has identified TTCA as a potentially useful biomarker of crucifers, to establish its clinical and population research utility, future studies should track how urinary TTCA levels match dietary intake information collected from food frequency questionnaires and other standard intake assessment tools.
Data from the National Health and Nutrition Examination Survey showed that the TTCA concentration in spot urines in the general U.S. population was similar to the baseline TTCA levels seen in our cohort. Furthermore, levels of TTCA observed in our study after broccoli beverage consumption were within the range of those reported after CS 2 exposure, [26] thus dietary intake should be considered as a confounder in CS 2 exposure studies. Non-anthropogenic production of CS 2 in Brassica plants in response to stresses has been described. [37] However, it is currently not known how exactly CS 2 is involved in glucosinolate metabolism in these types of plants. Furthermore, enhanced urinary TTCA has been detected in populations exposed to the fungicide captan [22] and alcohol. [38] Future studies should also address the possible confounding role of such exposures on urinary TTCA arising from crucifer intake.
Conclusions
In this study, we measured TTCA levels excreted in urine in a randomized crossover clinical trial where 50 participants were administered two types of broccoli sprout-derived beverages during two consecutive 7-day feeding periods over a course of 24 days. We observed significantly increased urinary TTCA (30-60-fold compared to run-in) 12 h post intake of both GRR and SFR beverages. Further measurements also showed that much of the TTCA detected in the human urine originated in the broccoli beverages themselves, although in beverages with high SFN content, some additional TTCA is formed as a result of SFN biotransformation. This was confirmed by rats orally gavaged with SFN showing increased TTCA levels in the urine. We also showed that TTCA does not induce Nrf2-mediated cytoprotective enzyme expression in vitro. Furthermore, we were able to detect TTCA in extracts of all the types of cruciferous vegetables tested as well as in broccolibased Avmacol tablets. Collectively, these data suggest that TTCA is formed as a metabolite of isothiocyanates and has potential use as a biomarker of cruciferous vegetable intake in clinical trials and in nutritional epidemiological studies.
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